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SU_'IARY

A study was made of experiinental bow waves and bow waves calculated

by numerical integration of the flow equations, for blunt-nosed bo_!ies of

revolution. The purpose was to obtain a systematic description of the

bow-wave profiles and to find how they varied with nose shape, _:ach number,

and total enthalpy. Emphasis was placed on the nose region as well as on

the downstream region of the waves. The method of approach was to fit

equations of the form suggested by blast-wave theo±_y to the bow-wave pro-

file data, and to seek correlations of the constants in the equations.

The study included seven blunt-nosed shapes, Mach numbers from J_.5 to 19.3,

and corresponding total enthalpies from 400 to _9100 Btu/ib.

The power-law equation, which is the generalized form of the blast-

wave theoretical equation, could in all cases give a good representation

of the bow-wave profilers. In one case - the hemispherical nose - a single

equation describes the wave over the entire surface from the axis to the

downstream station where the Mach angle limitation begins to affect the

profile. In 6eneral_ however, two or more sets of coefficients in the

equation are required to describe the complete wave. For bodies blunter

than the hemisphere, for example, two equations are needed - one for the

nose region and one for the downstre&_l region.

The coefficients in the equation vary systemo.tically with _ach nu_ber

or with total enthalpy for any given eonfiguration_ but correlate better

with the total enthalpy. Im the case of the power-law exponents for the

downstream wave regions, a _ingle curve gives a good approximation to the

variation with total entha_py for four of the seven bodies investigated,

the hemisphere and the three blunter shapes. It was also found that the

constant of proportionality in the equation varies with the fourth root of

the drag coefficient, a result given by blast-wave theory. For the ve_ 7

blunt shapes_ the exponent in the nose region is lower than in the down-

stream region. The ratio of these exponents is nearly a fixed fraction

for any given nose shape, and depends on the nose fineness ratio.



INTRODUCTION

Bow-waveprofiles of blunt-nosed bodies of revolution in hypersonic
flow are of interest from the standpoint of obtaining a quantitative
description of the flow disturbance surrounding the body in flight. Such
a description can have manyapplications. In reference i, for example, a
procedure is given by which the bow-waveprofile maybe used to obtain the
detailed structure of the downstreamregions of the disturbed flow field.
This kind of information would in turn be required to determine the heat
transfer to a cylindrical afterbody_ the interference effect of the body
flow field on other vehicle components, or the degree of ionization of the
stream enveloping the cylinder, and so forth.

The shape of the bow wave of a blunt-nosed body is predicted by Lin's
theory of cylindrical blast waves (ref. 2) to be a paraboloid_ with the
radius of cross section at any given station depending on the one-fourth
root of the drag coefficient. This implies that the wave shape is nearly
independent of the shape of the blunt nose; that is_ all blunt-nosed bodies
generate approximately the samebow wave. This is perhaps a good generali-
zation for very rough purposes.

Oneoff the first reports to compareexperimental bow waves with Lin's
equation was reference 3_ where it was noted that for helium flow around
a hemisphere cylinder the form of the equation is correct, but the coeffi-
cients have to be adjusted to fit the observed bow wave. Inasmuchas
helium has a different value of the ratio of specific heats, 7_ from that
assumedby Lin_ it was of interest to find that this conclusion holds for
air also_ as noted in reference 4; that is, the coefficients in the equa-
tion must be adjusted for air flow_ as well as for helium flow. The
adjusted equation gives a very good fit to a large region of the wave.

Van Hise, in reference 3, added to this picture by correlating the
bow-waveprofiles from a numberof characteristic solutions for pointed
bodies in perfect air (7 = 1.4) at very high Machnumbers. Hewas able
to correlate the waves of all these bodies, for the region beginning a
few diameters downstreamof the body apex, by use of an equation of the
form suggested by Lin, but again with adjusted coefficients. For example_
the power of x (downstreamdistance from wave apex) in Van Hise's corre-
lation is 0.46 instead of 0.50.

The present investigation began whenthe authors found that they had
need for bow-waveprofile information which could not be satisfied by the
previously published information. The published information is deficient
primarily in that it is not applicable to the nose region_ which is usually
the region of greatest interest. Other limitations are that no systematic
body of information is available for blunt-nosed configurations_ and that
muchof the available information is for constant ratios of specific heats
of 1.4 and 1.67, in contrast to real air flows in which the ratio of



specific heats is variable and usually smaller than 1.4. The present
paper will not definitively fill the need for this extended information_
but will be aimed at contributing toward it.

Specifically, the bow-waveprofiles of a r_umberof blunt-nosed bodies
were measuredand studied for both the nose regions and the downstream
regions of the waves. _e waves were fitted by equations of the form
suggested by the blast-wave theory_ and an effort wasmadeto correlate
the coefficients in the equations in terms of nose shape_ Machnumber_
and total enthalpy. The shadowgraphscamefrom previously completed test
programs in the AmesSupersonic Free-Flight Wind Tunnel (refs. 6
through i0). The data cover the Machnumber range from 3-9 to 16 with
a corresponding range of total enthalpies from about 400 to 2400 Btu/ib.
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coefficient in equation (4)

nose pressure drag coefficient_ dimensionless

cylinder diameter_ ft

diameter of spherical tip_ ft

total enthalpy, Btu/ib

coefficient in equation describing bow-wave profile_
dimensionless

nose fineness ratio

free-stream Mach number

exponent in equation (4)

exponent in equation describing bow-wa_ze profile_ dimensionless

radius of cross section of shock wave, ft

nose radius of curvature_ ft

coordinate along body axis, zero at wave apex, ft

ratio of specific heats

Mach angle_ deg

cone half-angle_ deg



Subscripts

D downstream

hs hemisphere

PRESENTATIONOFDATA

Method of Analysis

Lin's equation for the bow-waveprofile is

rs/d = 0._0 CD1/4(x/d) 1/2 (i)

The more general equation which is found in references 3 through 9 to fit

certain regions of experimental and exact theoretical bow waves is

r /d = n

Equations of this form plot as straight lines on logarithmic plotting

paper. Hence, a convenient way to test the applicability of equation (2)

to a given experimental shock wave is to plot its coordinates on loga-

rit_mic paper. If the plot is straight in any region, equation (2) applies

in that region_ and k and n can be evaluated. This is the procedure

which was applied to the present data.

Results obtained will be discussed in three sections: Hemispheres_

Noses Blunter Than Hemispheres_ and Round-Nosed Cones. The configurations

studied are shown in figure i. Although not shown in the figure_ the

afterbody configurations varied; for example_ some of the noses were tested

without an afterbody. These variations are not believed to have impor-

tantly affected the results obtained_ since when the afterbody was missing,

the measurements were limited to 2 or 3 diameters downstream of the nose.
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Hemispherical Noses

Logarithmic plots of the shock waves from two hemispherical noses

are given in figure 2. Substantial regions of these plots can be very

well fitted by straight lines. The fitted equations are given in the

figures. It can be seen that these equations describe the wave into the

nose region, up to about x/d = 0.i in figure 2(b).

A total of Ii hemisphere and hemisphere-cylinder shadowgraphs were

treated in this way and the results are summarized in table I. Four shock
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waves from theoretical solutions are also included in the table anti will

be discussed later in the report. The constants listed as k 2 and n:z

are coefficients appropriate to the main body of the wave. In cases where

a better fit to the nose region of the wave (x/d < 0.3) could be obtained

by a second straight line, coefficients designated k i and n ! are listed.

It is problematical for the case of the hemispherical nose whether these

deviations in the nose region are real or are due to measurement _rrors

which are maximum in the ncse region. These deviations will be further
considered under Discussion.

Far downstream_ the wsve angle must approach the Mach angle and remain

nearly constant. Then the equation of the wave becomes

r S
- tan _ (3)

X -x o

where xo is the intercept of the asymptote on the axis of s_nmmctry. On

logarithmic paper, for x >> Xo, equation (3) describes a straight line

of unit slope. Hence the profile data can be ex_:ected to approach unit

slope in the far downstresz:1 region. A tendency to tui'n toward this lJi_it

is apparent in figure 2(a) at x/d > i0. This region of the wave was not

of primary interest to the authors and will not be discussed.

Noses ]_lunter Than Kemisphercs

Figure 3 shows logarithmic plots of the bow waves of a flat-faced

circular cylinder, a convex spherical-segment face, and a i/7-power nose,

all at Mach numbers slightly above 14. In these cases, very plainly, a

single straight line will not fit the data for the nose region and the

downstream region. However, two straight lines will come very close to

giving the ordinates of the wave at all stations from x/d of 0.I to i0.

At the intersection of the two straight lines, a discontinuity in wave

angle is implied by this representation, which is clearly unrealistic.

When wave angle is desired, suitable smoothing of the intersection is

required.

A physical interpretation of the change in line slope is as follows:

In the folm,ard region, the wave radius of cross section is forced into

rapid growth by the rapid _ro_th in cross section of the blunt nose. The

exponent n assumes values as low as 0.3. If the exponent were to be

reduced to zero_ the wave _ould become a step wave and hence would match

the contour of the flat-faced cylinder. In the _ownstream region, a

growth rate closer to that predicted by blast-wave theory is permissible.

Values of the coefficients k and n are given in table I for the

three noses blunter than hemispheres, for both the nose region and the

downstream region. The points of intersection of the two regions can

easily be determined by solving their defining equations simultaneously.



Round-NosedCones

In figure 4, the logarithmic plot of two wave profiles from round-
nosed cones showsthem to be more complicated than the other cases. How-
ever, remarkably enough_the waves can now be represented by three
straight-line segments. The nose region line is the one that would be
expected to be generated by the spherical tip (see lines marked "expected
sphere wave," fig. 4). A transition section occurs beginning where the
conical part of the body predominates in defining the wave profile. A
far downstreamsection then begins_ and it is the latter section that
would be expected to agree most closely with blast-wave theory. A shadow-
graph picture is presented in figure _ marked to showthe intersections
of the three line segments. Data collected on round-nosed cones are given
at the end of table I.

DISCUSSIONANDCORRELATION
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The data presented above are evidently very complicated. Certainly,

in the region near the nose, special rules will be needed for each class

of body. In addition to the nose shape, other significant variables

include the flow Mach number and total enthalpy. The latter would be

expected to influence the wave shape primarily through its effect on the

ratio of specific heats. An effort will now be made to systematize this

information, insofar as possible, beginning with the hemispherical nose.

Hemispherical Nose

The data collected in table I on the coefficient k and the expo-

nent n for x/d _ 0.3 are plotted against Mach number in figure 6. The

variation is systematic with relatively small scatter. As noted in the

legend, the square symbols represent cases in which the maximum rearward

extent of the data was to x/d _ 2. These cases always fell slightly

below the curves faired through the data which extended farther downstream.

If the presentation is limited to the open circular data points, the

scatter is very small indeed.

The filled and half-filled data points were obtained from the

theoretical solutions for the flow about hemisphere cylinders. The

three filled symbols were obtained from solutions privately communicated

by the General Electric Company; these were calculated by the method of

reference ii. The half-filled symbol was obtained from data given in

reference 12. These results are close to the curve through the present

experimental values. It was suspected that the remaining disagreement

might be partly due to large differences in total enthalpy between these

results and the experimental results (see table I). A plot of the circu-

lar data points was therefore made with total enthalpy as the independent



variable. The results are shownin figure 7. Here, the solid points can
be smoothly connected with the present data, but the half-filled point
still cannot be brought precisely into line _mless the variation of the
exponent n with enthalpy is permitted to show a minimumat about
2000 Btu/ib •

The total enthalpy is a measure of the speed and hence of the degree
of dissociation_ and excitation in the disturbed gas layer. However, the
equilibrium composition of the gas also depends, to a lesser extent, on
the density level in the disturbed flow field and i_ence in the free stream.
Thus, it is to be doubted that one curve would correlate all possible com-
binations of speed and altitude, particularly if ti_e variations in ratio
of specific heats in the do_¢mstreamflow field plan a measurable part in
determining the wave profile. This maybe the explanation of the imperfect
correlation of the data point from reference 12 which was for the case of
a high speed and a low altitude. Figure 7, in this view, would be thought
of as one memberof a closely spaced family of cu_es, representing dif-
ferent flight altitudes. Ho_ever, it should be a_nitted that the failure
of the one point to correlate may also be due to someinaccuracy in the
theoretical solution.

The nose-region constants from table I are plotted against Mach
number in figure 8. The upper two sections of the figure show these data
comparedwith the curves of figure 6. It can be seen that the scatter is
rather appreciable, but that the nose-region data may lie a little above
the downstreamcurves. The lower part of the figure shows the station of
transition from nose region to downstreamcoefficients. The trend is for
this station to move rearward with increasing Machnumber. For manypur-
poses_ these deviations in the nose region of the _ave profile could be
neglected in the case of the hemispherical blunt nose.

Noses Bl_mter Than Hemispheres

Downstream region.- A presentation of the do_u_stream wave coefficients

in terms of Hach number is shown in figure 9 for the three noses blunter

than the hemisphere. The hemisphere curves from figure 6 are also repro-

duced. As with the hemisphere, these data show regular variation with

small scatter. Note that only one data point is presented for the convex
circular-arc blunt nose.

The variation of the coefficient k with Mach number_ in the case

of the i/7-power nose, is not very similar to those for the hemisphere

and the flat nose. This is believed to be due to the nearly constant

value of total enthalpy which was maintained for this model over the Mach

number range from 7.7 to 14.5 (see ref. 7). As a result, the relation

between total enthalpy and Hach number for this configuration is not the

same as for the other two bodies with which it is compared. In figure i0_

the data are plotted against total enthalpy, with the hemisphere data

brought forward from figure ]' (circular symbols). An improved comparison



is obtained. In fact, for the exponent n, one cu_ve can be used to
represent all the test bodies. In a certain region, the data for the
flat-faced body fall below this cu_e, but only by about i or 2 parts
in 50. The improved correlation comparedto figure 9 indicates that, at
hypersonic speeds, the total enthalpy is more important than the Hach
number in defining the wave profile.

The flagged point, which has been included for completeness_ disagrees
with the other data for an apparent reason. This point is for a low test
Hach number_4.5, for which the approach to the Hach angle begins at very
low x/d. If the data in this case are restricted to x/d < 4, the alter-
nate values of the coefficients shownin figures 9 and i0 at the sameMach
numberand enthalpy are obtained, in better agreement with the higher speed
data.

Nose region.- The important change in wave coefficients in the nose

regions of these very blunt bodies is shown in figure ii. The change in
k is not too great (compare with the curves for x/d > 2 brought forward

from figure i0), but the exponent n goes down with increasing total

enthalpy as the bow wave conforms increasingly to the shape of the nose.

Values approaching 0.3 are obtained at the highest test speeds. It is

interesting, however, that over the test range, the ratio of nose-region

exponent to downstream exponent remains relatively constant, decreasing

only a little with increasing total enthalpy. This is shown in figure 12,

where the ratio of exponents for the nose and downstream regions is plotted

against the nose fineness ratio. (On the abscissa, zero represents the

flat face, and 0.5, the hemisphere.) This presentation correlates the

nose-region exponents reasonably well. The greatest scatter occurs in

the case of the hemisphere, but, as noted earlier, the nose-region data

for the hemisphere exhibit appreciable scatter due to measurement errors.

The stations of transition from nose region to downstream region,

given in the lower part of figure ii, are generally between i and 2 diam-

eters from the wave apex, and show relatively little variation with total

cnthalpy. In fact, the variation is within the scatter.
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Roumd-Nos ed Cones

The downstream wave constants for the round-nosed cones are plotted

against total enthalpy in figure 13, and compared with curves brought

forward from figure i0. The values of k for these bodies are lower

than those for the hemisphere, which is qualitatively consistent with the

lower drag coefficients of the round-nosed cones. (See table ! and

fig. i0.) However, the exponents, n, for the rottud-nosed cones do not

correlate very well with those of the blunter bodies. In some cases, this

may be due to the fact that the wave profile data did not extend far enough

downstream to define properly the downstream wave equation (see_ e.g.,

upper curve, fig. 4). However, the cone bow waves are less smooth in the
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nose region than those of the other bodies, exhibiting abrupt changes in

ctuwature due to strong localized expansions, and so forth, and these

disturbances require some distance downstream to become distributed. This

might be expected to result in the poorer correlation sho_n.

The nose-region waves of the round-nosed cones can be approximately

described on the basis of some empirical observations. The beginning

section of the wave is generated by the spherical nose, and can be com-

puted with the aid of figure 7. (Note that d in equation (i'_)must for

this purpose, be the dis_meter of the spherical tip.) _._henthe sphere

wave becomes approximately parallel to the conical surface, a straight

(conical) section of the wave begins. For cone half-angles around 30°,

the wave angle in this re_!ion is about 1/2 degree greater than the cone

angle. For noses of about the proportions shown at the right in figure i,

the straight section can %e assumed to run to the model base. However, if

the nose radius is small, so that the cone rur_s back a considerable dis-

tance behind the spherical tip, the wave must cu±_e outward to approach

the wave angle that would be associated with the pointed cone. These con-

siderations plus a little engineering judgment can lead to a fairly good

estimate of the nose-region wave profile.

Variations in the Coefficient k With Krag Coefficient

The blast-wave theo_ predicts that the coefficient k is propor-

tional to the one-fourth _oot of the drag coefficient (eq. (i)). The

extent to which the present data for the downstream region of the waves

conform to this will now _e considered. If it is assumed that

k = aCD m (4 )

then

khs = aCDhsm (5 )

and, if a is indepen_cnt of nose shape,

k

khs \CI)hst

The data on k have been plotted in the ratio form of equation (6) on

logarithmic paper in figure 14. This presentation, under the assumption

of equation (4), would _e_N to a straight line plot for all the bodies

tested.

For the bodies blunt(:r than hemispheres, CD > CDhs_ this is the case.

A single line can _ .p_,e_t the data with small scatter. The slope of the
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line, 0.26, confirms the blast-wave theoretical prediction. The lower
drag configurations in this figure are round-nosed cones, and again do
not correlate precisely with the other data. However, they disagree by
less than i0 percent_ and as such, maybe said to agree with the theory.

The coefficient a in equation (4) takes values higher than the 0.80
given by the theory, between 1.01 and 1.04 for hemispheres and blunter
noses in the present test range, but decreases slowly with increasing
total enthalpy. For the round-nosed cones, if m is assumedto be 1/4,
0.95 is a better value for a.

A summaryequation for the downstreamregions of the waves maybe
written

rsld = 1.03 CDll4(x/d) n(hS) (7)

where the function n(hs) is given graphically in figure I0. The gener-
ality of equation (7) could be improved by replacing the constant 1.03
by a suitabie_ slowly-varying, second function of hS which the present
data do not adequately define. Equation (7) is recommendedfor noses
blunter than hemispheres.

CONCLUDINGREMARKS
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These studies show that the various sections of bow-wave profiles

generated at hypersonic speeds by blunt-nose bodies can most often be

represented by power-law equations. One case has been found, the hemi-

sphere cylinder, in which a single power-law equation describes the entire

profile back to where the Mach angle limitation begins to influence the

wave. Other cases of this kind may be found; for example, ellipsoidal

noses of fineness ratio near 0.5 might have this characteristic. Noses

appreciably blunter than hemispheres have wave profiles representable by

two power-law equations, one for the nose region and one for the down-

stream region.

The coefficient and exponent in the power-law equation for the down-

stream section of the wave can be correlated as functions of total

enthalpy, when the Mach number is hypersonic. A single functional

dependence of the exponent on total enthalpy was found to apply to four

of the seven bodies studied_ the hemisphere and the three noses blunter

than hemispheres. The constant of proportionality was, for these cases,

proportional to the fourth root of drag coefficient, as predicted by

blast-wave theory. For the nose region_ correlation curves for the

coefficient and the exponent were obtained for each nose shape in terms

of total enthalpy. It was noted that the nose-region exponent is nearly

a fixed fraction of the downstream exponent for each of the blunter-than-

hemispherical noses, and that this fraction depends on the fineness ratio
of the nose.
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While the bow waves of round-nosed cones were less regular in their
behavior than the other bodies studied, certain observations concerning
these waves also were made, which should provide a basis for first
approximations of their profiles.

AmesResearch Center
National Aeronautics and Space Administration

Moffett Field, Calif., Sept. 27, 1961
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TABLE I.- SHOCK-WAVE DATA AND TEST CONDITIONS

A
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Mode i

in. I_t b

I
0.2137 3.40 421

I. 903 3 -`%0 4%6

.2137 9.85 908

•75o ll._m m2_S
.75o 11.92 13c6

i. 159 14.00 1795

.200 14.34 1878

Theo z2_ 18.03 6224

i i8.1o 811418.24 8112

19.25 8!o3
1.200 7.64 564

1.600 8.20 991

1.184 9.34 821.

I.159 14.oo 1795

I
T_, P_ 10"_ ,

09 s lug/ft s

530 2.70

53O 22.70

190 I 9-35

192 J 9.$8
193 i 9-63

19o 8.73
188 9.18

390 2.25

509 1 .014_2

5oo I .o3564
449 I -00_ ] !8

3 O0 12. O0

191 8.82

i9o 8.73

-- 2.200 3.48 3!)9 520 I 23.62

i.1983 7.59 875 291 I 18.27

2.200 7.68 1494 530 i 22.(5

1.200 ]0.]0 ]5t4 295 I ]2/7

1.200 10.34 15t4 295 1 12.(,7

1.200 14.50 1737 1911 8._

Hemisphere cylinder

I

L

&

kl nl

1.24 o.516

1.02 ._3
.5o3

1.o4 .4_7

1.07 .481

1.20/1.11 .524//.4o4

i/7-power nose

k2

!. 26

1.O4

!.01

1.00

• 937

.90

.ql

. :99

1.o3
i.o4

] .o3
. g 8

n_

0.543

._0

.444

451

449

48o

,4_

454

.442

453
_}4

453

43_

.95 1.2_

I. b2 !.09

1._5 1.07

1.D7 1.08

1. YF 1.o4

i. i0 1.O7

Measurement region

x/d x/d

m/n me.x

o. 15 4.oo
.012 .00

•30 8.oo
.o3 .27

.10 3 .O0

.oh 4.oo
.20 ' .50

.50 25.00

.9O 5-00

1.00 5.00

2.00 5.00

._; 2 .oo

.!0 ._0

.]o 1.3o

.20 1.50

Flat-faced cylinder

.4_

.304

.383

.3°<)

.389

.365

09o5 223o151.5092 4.50 6_0 I 52 23.20 1.$5

.5220 9.29 _59 II[ 9.68 1.70

.5202 110.2i _97[ i_ 9.54 1.70

•5094 Ii4.%0 i_30 1 1_ 9.36 1.70

1.40 .41i

i.28 .356

1.29 .357

1.26 .326
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